Except one rather controversial note 1 , the record of glendonites displays an apparent gap from Neopoterozoic 2 to Permian 3 times. However, similar calcareous nodular aggregates embedded in Tremadocian black shales of the East Baltica, so-called "antraconites", have been known for more than 150 years. These aggregates are documented from 24 geographical localities in the Türisalu and Koporiye formations (Cordylodus angulatus -Paltodus deltifer pristinus zones) exposed along 600 km of the Baltic-Ladoga Glint 4 and sporadically in the Orasoja Member (Kallavere Formation). All these units were accumulated in the Baltoscandian Basin ( Fig. 1a) , an epeiric sea with a central flat-floored depocentre rimmed to the south (recent coordinates) by a chain of low islands and associated shoal complexes 5, 6 . During Tremadocian times, the basinal depocentre 4,7 recorded black shale deposition episodically punctuated by wave and storm-induced processes, pointing to a sediment-starved, distal offshore-dominant clayey substrate, in which organic matter and trace metals became highly concentrated due to extremely low deposition rates and an exceptionally low influx of siliciclastic material 8 . In contrast, nearshore environments comprised uncemented, well-washed, cross-laminated quartzose sands, which included high concentrations of allochthonous obolid coquinas that were continuously reworked along the shorelines. The major Furongian-Tremadocian sealevel fluctuations are reflected in distinct stratigraphic gaps ( Supplementary Figs 2, 4) , some of them highlighted by the evidence of palaeokarst 24 . Fig. 2e , h) and rosette clusters (Fig. 2b, c) , usually 5-10 cm across and up to 20 cm in length encased in black shales. One characteristic glendonite horizon, 15 cm thick, embedded in a distinct grey graptolitic clay of the Koporiye Formation, is traceable over 3.5 km on the eastern bank of the Syas River, between Chernetshkaya and Yurtzevo villages 5 (Fig. 2b ). It represents a compact aggregate of crystals, with randomly oriented long axes on the top of a pyritised sandstone layer (Fig. 2f ). The precipitation of ikaite probably occurred at the sediment-water interface, highlighting the top of a condensed bed.
Glendonite crystals display a slightly distorted, prismatic habit, grading both laterally and centripetally into mosaics of microgranular calcite ( Fig. 3a, b ), commonly red-stained by dispersed ferroan oxi-hydroxides and variable content in organic matter. XRD analysis reveals a predominance of calcite, locally contaminated by silty quartz and feldspar and the scattered presence of dolomite rhombs. Cathodoluminescence (CL) petrography distinguishes rhombohedral, fine-fibrous, chevron-like, ovoidal, spherulitic and clear mosaics of calcite The dominant form of dolomitization occurs as euhedral to subeuhedral, dolomite rhombs, up to 60 μm in size. Locally, pervasive dolomitization has led to equigranular mosaics with little trace of primary textures. Fine-grained pyrite, identifiable as cubic, anhedral and framboidal forms and up to 8 μm in size, are locally abundant throughout the concretions and the encasing matrix. Occasionally, pyrite directly encrusted previous hard substrates, such as scattered fossil skeletons ( Fig. 3d ).
Isotope data from glendonites
Carbon and oxygen isotope analyses were carried out in the glendonitic calcite mosaics in order to characterize the earliest diagenetic phases. The results are presented in Repository Data and graphically shown on Fig. 4 . Isotopic data cluster in a single field, where carbon isotope ratios range from +0.6 to -8.9‰ and oxygen values from -5.7 to -8.2‰, and are consistent with isotope data derived from other methane-free glendonites 3, [9] [10] [11] . Modern glendonites typically show a much broader range in carbon isotope values (from +10 to -40‰; 3, 10-13 ( Fig. 4) , which are strongly dependent on the depositional environment: the extremely negative δ 13 Oxygen isotopes derived from glendonites should not be used for palaeotemperature purposes. As the ikaite → calcite transition results in a 68.6% volume loss, related to the release of structural water from the original ikaite crystal 12 , the resulting glendonite is controlled by pseudomorphic transformation into calcite and subsequent porosity occlusion by calcite mosaics, with different oxygen and carbon isotopic compositions than the original ikaite 9 .
Isotope data from contemporaneous conodonts
Biogenic phosphate of three conodont samples from the glendonite-bearing Orasoja and Toolse members of the Toolse 555 drill core, in the vicinity of Kunda town, where analysed 5 for oxygen isotopes ( Fig. 1b, Supplementary Fig. 3 ). δ 18 O values obtained from the corresponding levels A2 (+14.4‰; C. angulatus Zone), B3-4 (+14.4‰, C. angulatus Zone) and C (+14.7‰; P. deltifer pristinus Zone) from this core (levels after 15 
Constraining ikaite vs. δ 18 O [phosphate] for the reconstruction of Tremadocian climate
Glendonites are not informative of sedimentary environments. They have been reported from lacustrine and littoral to bathyal (~ 4000 m) environments, springs, melted sea ice and even caves 13 . Generally, ikaite precipitation is favoured by elevated alkalinity, dissolved phosphate in pore waters, and its formation is often associated with organic-rich marine sediments, where methane oxidation can take place.
The occurrence of glendonite rosette clusters in calm-water clayey substrates is considered as one of the most reliable palaeotemperature indicators of near-freezing conditions 3, 18 . The preservation of lag intervals, rich in glendonitic-derived clasts, associated with symmetrical ripples marks and microbially induced sedimentary structures (Figs 2d, i), points to the episodical influence of storm-induced processes reworking these calm-water substrates that served for ikaite nucleation.
In our case study, massive precipitation of ikaite is in obvious discrepancy with the palaeotemperature interpolations suggested by the stable oxygen isotope signatures obtained from contemporaneous biogenic calcite (brachiopods) and apatite (linguliform brachiopods and conodonts) sampled in subtropical substrates suggesting higher temperatures (up to 40°C) for both the seafloor and the water column 19, 20 .
Isotope data from carbonates of subtropical Laurentia 21 Finally, long-term episodes of thermally stratified water masses have been proposed for the Lower Ordovician Baltoscandian Basin to explain the widespread development of kerogenous shales rich trace-metal ore deposits and distinct separation of pelagic fossil taxa (such as graptolites and conodonts) representative of depths above and below the thermocline.
Concluding remarks
The massive ikaite precipitation in the Tremadocian black shales of North Estonia and the adjacent St Petersburg region of Russia, which lasted ca. 5 m.y., is exceptional and the first ever Major, trace, and rare-earth elements were determined using X-ray fluorescence and inductively coupled plasma mass spectrometry (ICP-MS at AcmeLabs, Canada). Precision for major, trace and rare elements is usually better than 2%, 5−10% and 3−7%, respectively.
Stable isotopes of oxygen and carbon for whole-rock carbonates were removed by dental drill under a binocular microscope and analysed at Erlangen University. Carbonate powders were reacted with 100% phosphoric acid at 75°C using a Kiel III carbonate preparation line connected online to a ThermoFinnigan 252 mass spectrometer. All values are reported in permil relative to V-PDB by assigning a δ 13 C value of +1.95‰ and a δ 18 O value of −2.20‰ to NBS19.
Reproducibility was checked by replicate analyses of laboratory standards and is better than ± 0.06 ‰ (1 std.dev.).
Chemical conversion of the phosphate bound in conodont apatite into trisilverphosphate (Ag 3 PO 4 ) was performed following Joachimski et al. 34 method and subsequent oxygen isotope analyses were performed using a TC-EA (high-temperature conversion-elemental analyzer) coupled online to a ThermoFinnigan Delta V Plus mass spectrometer. 0.2 to 0.3 mg Ag 3 PO4 was weighed into silver foil and transferred to the sample carousel of the TC-EA. At 1450 °C, the silver phosphate is reduced and CO forms as the analyte gas 35 . CO was transferred in a 17 helium stream through a gas chromatograph via a Conflo III interface to the mass spectrometer and values are reported in ‰ relative to VSMOW. Samples as well as standards were measured in triplicate, measurements were calibrated by performing a two-point calibration 36 using NBS 120c (21.7 ‰) and a commercial Ag 3 PO 4 (9.9 ‰). A laboratory standard was used as a control standard and processed together with the samples. All standards were calibrated to TU1 (21.11 ‰) and TU2 (5.45‰ 35 ). External reproducibility, monitored by replicate analyses of samples was ± 0.14 to ± 0.29 ‰ (1 σ). 
